Surface display of recombinant proteins on bacteria and phages has become an important topic in bioscience. A system for the display of heterologous proteins on the surface of Staphylococcus carnosus employs the secretion signal and propeptide from a Staphylococcus hyicus lipase for translocation and since the propeptide is of considerable size (207 amino acids) and not processed in S. carnosus, we have investigated the possibility to delete or substitute the propeptide for smaller protein domains, to thereby improve the surface display system. A set of new vectors was constructed and the surface expression of model proteins was investigated by various methods, including fluorescence-activated cell sorting. The results suggest that the propeptide region indeed can be deleted when proteins which are easily secretable are displayed. In contrast, the propeptide seems to be advantageous for translocation of inefficiently secreted proteins. Moreover, our study also presents a rational strategy for how to monitor the engineering efforts for the optimization of a surface display system. ß
Introduction
Bacterial surface display constitutes a focus area in biotechnology and applied microbiology [1, 2] . Gramnegative [1] and more recently also Gram-positive bacteria have been investigated for display of various proteins, including antigenic determinants for the purpose of vaccine development, enzymes, metalchelating histidyl peptides and single-chain antibodies, as well as entire peptide libraries [1, 2] .
A system for surface expression of heterologous gene products on the non-pathogenic food-grade bacterium Staphylococcus carnosus was created [3] , by combining gene sequences from a host-vector system developed for recombinant production and secretion in S. carnosus [4, 5] , with sequences from Staphylococcus aureus protein A (SpA), comprising the segments required for covalent cell-surface an-choring [6] . This system has been used for the display of various antigenic determinants [3, 7, 8] , for the purpose of developing a live bacterial vaccine delivery system [9] , as well as for the surface expression of single-chain antibody fragments, in an approach to create whole-bacterial diagnostic devices [10] . This surface display system employs the promoter, signal peptide and propeptide region derived from the Staphylococcus hyicus lipase gene construct, modi¢ed for overproduction in S. carnosus [4, 5] , to achieve expression and translocation of the gene products. The lipase propeptide, which is processed in its homologous host, S. hyicus [11] , but not in S. carnosus [4] , has been suggested to be essential for translocation of heterologous gene products from S. carnosus [5, 12] , when using the lipase signal peptide for secretion. This was suggested on the basis of secretion experiments in S. carnosus in which the pro-lipase of S. hyicus and Escherichia coli L-lactamase were investigated for their capability to be translocated in an active form [5, 12] . Furthermore, in the construction of a secretion system for S. carnosus, the lipase propeptide has been claimed to improve stabilization to proteolytic degradation upon secretion of labile heterologous products [13] .
Since our system for surface display on S. carnosus [3] includes the 207-amino acid lipase propeptide and since it has been observed that the surface expression of chimeric surface proteins seems to decrease when larger protein fragments are genetically introduced [8, 10] , we found it of relevance to investigate whether the conclusions from the lipase-L-lactamase secretion experiments [5, 12] would hold true also for our surface display system. A set of new expression vectors was constructed in which the propeptide region was completely deleted or replaced by either of two engineered SpA domains. The 58-amino acid SpA domains were selected to replace the propeptide since such domains normally are found adjacent to the SpA signal peptide and subsequently surface-anchored on S. aureus and thereby might have inherent properties through their high solubility [14] that could prove to be bene¢cial in promoting translocation. The surface expression of an albumin-binding model protein (ABP) from streptococci, present in the chimeric surface proteins, was investigated by various methods using the original vector and the new expression vectors in surface display experiments. Subsequently, a 101-amino acid protein fragment derived from the G protein of human respiratory syncytial virus (RSV), and previously known to be di¤cult to secrete in bacteria [7, 15] , was introduced into the vector systems and investigated for its surface expression.
Materials and methods

Plasmid constructions
The E. coli strain RRIvM15 [16] was used as host during plasmid constructions. To create a surface display vector in which the propeptide region was deleted, pSABPXM, the parental vector pSPPmABPXM [3] was digested with BamHI and AatII and the puri¢ed gene fragment was re-introduced into the parental vector pSPPmABPXM, this time restricted with BclI and AatII. Gene fragments encoding engineered SpA domains were ampli¢ed by the polymerase chain reaction (PCR). The ¢rst SpA domain was the IgG-binding 58-amino acid Z domain [17] , here denoted Z wt , for which the gene fragment was ampli¢ed by PCR using plasmid pEZZmp18 (Amersham Pharmacia Biotech, Uppsala, Sweden) as template. A second SpA-based domain, Z mut , was chosen in which 11 surface amino acid residues were substituted, Q9P, Q10Y, N11V, F13Q, L17M, H18V, E24K, E25L, N28G, Q32A and K35R, by combinatorial protein engineering using phage display technology [18] . Since all amino acid residues involved in the IgG-binding were substituted, this domain was devoid of IgG-binding activity [18] . Such domains have nevertheless proven to have similar characteristics as parental Z domains in terms of production levels, stability and content of secondary structure elements [18] . The gene fragments encoding Z wt and Z mut , respectively, were PCR-ampli¢ed using SAPA16 5P-CCCGAATTC-TGATCAAGTAGACAACAAATTCAACAAAGA-AC-3P as upstream primer (introducing upstream EcoRI and BclI restriction sites) and SAPA17 5P-CCCAAGCTTGACGTCCTGGATCCGCGGCCG-CGAGCTCCCCGGGTTTCGGCGCCTGAGCAT-CATTTAG-3P as downstream primer (introducing downstream SmaI, SacI, NotI, BamHI, AatII and HindIII restriction sites). The ampli¢ed gene frag-ments were restricted with EcoRI and HindIII and ligated to similarly restricted pUC19 (Amersham Pharmacia Biotech), in which the nucleotide sequences were veri¢ed by using solid-phase DNA sequencing [19] . The gene fragments encoding Z wt and Z mut , respectively, were BclI-AatII-excised from their respective pUC19 clones and ligated to BclI-AatII-restricted plasmid pSPPmABPXM [3] , resulting in the plasmid vectors pSZ wt and pSZ mut , respectively. The vectors pSZ wt ABPXM and pSZ mut ABPXM were created by introducing a BamHI-AatII gene fragment, excised from pSPPmABPXM, into BamHI-AatII-restricted pSZ wt and pSZ mut , respectively. The vector pSG cys ABPXM was constructed by isolating a Bam-HI-AatII gene fragment from plasmid pSPPG cys ABPXM [7] and introducing it into BclIAatII-digested pSPPmABPXM. The plasmid vectors pSZ wt G cys ABPXM and pSZ mut G cys ABPXM were constructed by BamHI-XhoI excision of a gene fragment from plasmid pSPPG cys ABPXM [7] and introduction of this fragment into BamHI-XhoI-restricted vectors pSZ wt ABPXM and pSZ mut ABPXM, respectively.
Extraction and a¤nity puri¢cation of the chimeric surface proteins
The preparation and transformation of protoplasts [20] as well as the lysostaphin-mediated extraction of the surface proteins followed by ABP-based recovery by a¤nity chromatography on human serum albumin (HSA)-Sepharose were performed as previously described [3] .
Colorimetric ABP-based assay to evaluate the surface expression
This assay was performed as described earlier [3] . Brie£y, wild-type and recombinant S. carnosus cells were grown to the same cell density, harvested and incubated with biotinylated HSA (62 nM). The cells were washed before adding streptavidin-alkaline phosphatase (Boehringer Mannheim, Germany) and resuspending the di¡erent cell types in substrate bu¡-er. Five aliquots of each cell type were loaded in a microtiter plate before adding the substrate solution, p-nitrophenylphosphate. The change in A 405 nm was measured for 10 min in an ELISA reader.
Fluorescence-activated cell sorting scan (FACScan) analysis of the staphylococcal surface display
This assay was performed essentially as described earlier [3] . The presence of surface-displayed chimeric proteins on the recombinant staphylococci was monitored using as primary antibodies either an ABP-reacting mouse monoclonal antibody 13F10 [21] or a mouse monoclonal antibody 5C2 [22] , reactive to the G cys protein [15] . Fluorescein isothiocyanate (FITC)-labelled goat anti-mouse IgG (Silenius Laboratories, Melbourne, Australia) was used as secondary antibody and the recombinant staphylococci were analyzed on the basis of £uorescence intensity using a FACScan 1 £ow cytometer (Becton Dickinson, Sunnyvale, CA, USA), as described earlier [3, 7] .
Results and discussion
Novel expression vectors
A general expression vector, pSPPmABPXM, designed for surface display on S. carnosus, respectively, was previously constructed [3] . The expression vector and encoded surface proteins for this plasmid and a set of new vectors are schematically outlined in Fig. 1 . The S. carnosus surface display expression system utilizes the promoter, signal sequence (S) and propeptide sequence (PP) from a S. hyicus lipase gene construct [5] , optimized for expression in S. carnosus [4] , and takes advantage of the cell wall anchoring regions (XM) [6] of SpA to enable surface anchoring of heterologous target proteins [3] . All vectors encode a serum ABP of streptococcal protein G (SpG) [3] , which has been used as a¤nity tag for protein recovery and evaluated as a reporter protein for surface targeting in this study. In the novel vectors, the PP region has either been deleted (Fig. 1B) or substituted for SpA domains: Z wt (Fig. 1C) [17] or Z mut (Fig. 1D) . The rationale for replacing PP for Z wt was that a closely related SpA domain, domain E [2, 14] , is placed directly after the signal peptide in native SpA and such SpA domains could thus potentially have inherent properties through high solubility [14] that could prove bene¢cial in promoting translocation. Since the IgG-binding properties of Z wt might not be desired since it could make antibody-based assays di¤cult, a second SpA-derived domain was included, which was modi¢ed to be devoid of IgG Fc-binding by phage-mediated protein engineering [18] . A further reason for including such SpA-derived domains in this study was the fact that recombinant staphylococci carrying phage-selected SpA domains with novel binding speci¢cities have found recent interest in the development of wholecell reagents for diagnostic applications [23] .
To evaluate whether the new vectors were able to mediate expression and surface targeting of a protein that was previously shown to be relatively ine¤-ciently translocated, a gene fragment encoding an engineered 101-amino acid protein fragment G cys [7, 15] , derived from the G protein of human RSV, was inserted into the described vectors. The resulting expression vectors with their encoded chimeric proteins containing G cys are shown in Fig. 1E^H. 
Characterization of the chimeric surface proteins
In order to verify that the encoded chimeric proteins ( Fig. 1) were properly expressed and localized to the bacterial cell wall, the recombinant staphylococci were cultivated to an equal cell density and subjected to a lysostaphin treatment to release cell wall bound proteins. The chimeric proteins were subsequently recovered by an ABP-mediated a¤nity chromatography procedure, on HSA-Sepharose, as described earlier [3] , and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 2) . The a¤nity-puri¢ed proteins showed major bands of essentially expected sizes (Fig. 2) . The proteins containing the lipase propeptide (PP) migrated as larger proteins than theoretically calculated (Fig. 2, lanes 1 and 5) , which is in accordance with earlier observations [3, 4] . The major band for the G cys -ABP-XM protein (Fig. 2, lane 6) was the only chimeric protein showing a slightly smaller size than expected and in fact, upon immunoblotting to verify the identity of the chimeric proteins using an ABP-reactive antiserum, a band of an expected size appeared, indicating that proteolytic processing of this chimeric protein might have occurred (data not shown). In control experiments, in which wild-type S. carnosus cells or protoplasts from the di¡erent recombinant staphylococcal strains were subjected to the same assay, the amounts of recovered proteins were below detection limits (data not shown). The results thus demonstrate that all chimeric proteins, encoded from the di¡erent surface display vectors, were properly expressed and targeted to the cell wall of S. carnosus, but it could not be concluded from this assay whether the chimeric proteins were accessible at the bacterial surfaces or not.
Since the hybrid surface proteins all contain the ABP region (Fig. 1) , a previously described colorimetric detection method utilizing ABP as a reporter protein could be employed to analyze successful surface display [3, 7] . Neither wild-type S. carnosus nor any of the included protein domains (except ABP) bind HSA. This convenient enzymatic assay, which can be performed in a microtiter plate format, is rapid and has shown to give highly reproducible results [3, 7] . Here, this assay was used to evaluate the presence of surface-exposed ABP-containing proteins on wild-type and recombinant S. carnosus cells (Fig.  3) . Biotinylated HSA was allowed to bind to the staphylococcal cells and following the addition of a streptavidin-alkaline phosphatase conjugate and substrate, the color shift was monitored. The entire experiment was repeated three times with reproducible results. The analysis indicates that the deletion of the propeptide (Fig. 1B) still yields a recombinant bacterium with e¤cient surface expression of ABP (Fig.  3, bar 3) , when compared to staphylococci carrying the parental construct (Fig. 3, bar 2) . Of the two constructs with SpA domains, Z wt or Z mut , replacing the propeptide, the Z mut -containing surface proteins seemed to be expressed to a higher level than the Z wt (Fig. 3, bar 4 and 5 ), but to a slightly lower level than the parental construct. The reason for the apparent improved translocation e¤ciency of Z mut , as compared to Z wt , might potentially be explained by the fact that Z mut was isolated by phage display technology, which is highly dependent on the secretion e¤ciency. Since Z mut was isolated from a combinatorial library, it could be of interest in further improvements of secretion/surface display systems to evaluate whether Z variants with even further improved characteristics could be selected. For the constructs with the G cys protein introduced, only the construct with the propeptide still present (Fig. 3,  bar 6 ) showed a signi¢cant surface display, although the surface proteins G cys -ABP-XM (Fig. 3, bar 7) and Z mut -G cys -ABP-XM (Fig. 3, bar 9 ) seemed to be exposed to a certain extent on the recombinant staphylococcal cells.
Since FACS analysis has previously shown to be a convenient strategy to monitor surface expression on recombinant staphylococci [3, 7] , the staphylococcal cells were further analyzed by FACS, using mouse monoclonal antibodies reactive to the ABP or G cys regions, respectively. The results from the FACS assay (Fig. 4) using an ABP-reactive monoclonal antibody, 13F10 [21] , corroborated the ¢ndings from the ABP assay (Fig. 3) in that it seems to be possible to delete the propeptide with a still good surface expression of the ABP region (Fig. 4A) , while the propeptide seems to be essential to enable surface expression of the G cys protein region, a protein domain known to be ine¤ciently secreted [7, 15] . In the FACS analysis employing a monoclonal antibody, 5C2 known to react e¤ciently with the G cys protein [22] , G cys -containing surface proteins could only be demonstrated for the Sc:PP-G cys -ABP construct (Fig. 4B) . When analyzing the Sc:Z wt -ABP and Sc:Z mut -ABP strains using the G cys -reactive antibody 5C2, as expected, only background £uorescence intensity values ( 6 10) were obtained (data not shown). The lack of reactivity to the G cys region for the staphylococci carrying the G cys -ABP-XM and Z mut -G cys -ABP-XM surface proteins (Fig. 4B ) and the lower reactivity to the G cys part (Fig. 4B ) than to the ABP part (Fig. 4A) for staphylococci carrying the PP-G cys -ABP-XM protein might indicate that the G cys region is for some reason less accessible than the ABP region at the staphylococcal cell surface. This could either be due to (i) protein misfolding or (ii) shielding of the G cys region in the cell wall because of its hydrophobic properties or (iii) potentially due to proteolysis [14] .
Concluding remarks
We have in this study investigated the possibility to improve a staphylococcal surface display system by deletion or substitution of a propeptide region which is not processed in our system. In contrast to previous reports [5, 12] , we have demonstrated that the propeptide indeed can be deleted, or even substituted, while still retaining e¤cient surface expression of the highly soluble ABP region, derived from the SpG, thus naturally existing as a surface protein of a Gram-positive bacterium. However, when introducing a protein G cys , known to be ine¤-ciently translocated, into the chimeric surface proteins, we found that the propeptide was advantageous for enabling surface exposure. This result is in line with the previous ¢ndings, suggesting that the propeptide has a positive e¡ect on the translocation of heterologous proteins in S. carnosus [5, 12] . In addition, we have suggested a rational strategy for how translocation-promoting regions potentially could be selected through combinatorial display technology and we present a convenient methodology in the ABP-based colorimetric assay and FACS analysis for how to monitor step by step optimization of a surface display system.
